Introduction
============

Acute lymphoblastic leukemia (ALL) is a malignant hematological disease that originates in B- or T-line lymphoid progenitor cells. ALL can be divided into acute B lymphocytic leukemia (B-ALL) and acute T lymphocytic leukemia (T-ALL), of which T-ALL accounts for \~80% ([@b1-or-43-02-0503]). ALL patients have a short remission period and a high recurrence rate, and the long-term survival rate of traditional chemotherapy is \<20% ([@b2-or-43-02-0503]). The emergence of tyrosine kinase inhibitors (TKIs), such as imatinib (IM) has improved the remission rate and reduced the recurrence rate of ALL patients ([@b3-or-43-02-0503]). However, there are some limitations in the treatment of ALL with IM, such as drug resistance and side effects ([@b4-or-43-02-0503]). In addition, to achieve complete remission and restore normal hematopoiesis of ALL, ≥4 drugs in combination therapy are often used as induction and remission treatment of high-risk or very high-risk children (\<10 years) with ALL and in most young adults (24--30 years) with ALL ([@b5-or-43-02-0503]). Rapidly and completely reducing the leukemic cell load prior to drug resistance development is considered to be the key to remission. Therefore, finding a better combination of chemotherapy drugs is crucial for the treatment of ALL.

In recent years, plant-derived compounds have become clinically useful anticancer drugs ([@b6-or-43-02-0503]--[@b8-or-43-02-0503]). Tanshinone IIA (Tan IIA) is an important active ingredient in *Salvia miltiorrhiza* and there have been reports on its antitumor effects. Studies confirmed that Tan IIA has antitumor activity *in vitro* and *in vivo*, and can induce differentiation, promote apoptosis and inhibit proliferation in various tumor cells ([@b9-or-43-02-0503],[@b10-or-43-02-0503]), including leukemic cells ([@b11-or-43-02-0503]). Tan IIA exerts a significant growth inhibitory effect on various leukemia cells, such as SUP-B15 (human Ph acute T lymphocytic leukemia cell line), K562 (chronic myeloid leukemia cell line), CEM (human leukemia cell line) and NB4 (acute promyelocytic leukemia cell beads) ([@b12-or-43-02-0503]). Tan IIA treatment of KBM-5 cells (human chronic myeloid leukemia cells) can cause S-G1 phase arrest, DNA damage and caspase-3/9 activation in mitochondria. Tan IIA activates JNK and p38/MAPK, and induced apoptosis can be reversed by JNK inhibitors, suggesting that Tan IIA induces mitochondria-dependent apoptosis that is associated with activation of JNK ([@b13-or-43-02-0503]). Tan IIA induces apoptosis in U937 acute myeloid leukemia cells possibly by activating pregnane X receptor, which in turn inhibits nuclear transcription factor (NF)-κB activity, resulting in the downregulation of Bcl-2 ([@b14-or-43-02-0503]). In addition, Tan IIA works synergistically with other antitumor drugs. In the all-trans retinoic acid-resistant acute promyelocytic leukemia cell line MR2, the combination of Tan IIA and arsenic trioxide was found to enhance apoptosis and downregulate P-glycoprotein expression ([@b15-or-43-02-0503]). These findings suggest that Tan IIA may be used as an adjunct to enhance the efficacy of chemotherapy drugs.

The PI3K/AKT/mTOR signaling pathway is a major signaling pathway involved in cell proliferation, apoptosis and metastasis, and its cascade reaction pathway occupies an important position in the signal transduction process ([@b16-or-43-02-0503]). As a member of the lipid kinase family, PI3K is a heterodimer composed of two subunits, including a regulatory and a catalytic subunit ([@b17-or-43-02-0503]). At rest, PI3K is ubiquitous in the cytosol. When cells are stimulated by growth factors, PI3K is activated and aggregates on the cell membrane, converting 3,4-diphosphophosphatidylinositol into 3,4,5-triphosphate phosphatidylinositol (PIP3), and then PIP3 can be used to activate downstream AKT. AKT is an evolutionarily highly conserved serine/threonine protein kinase that is mostly located in the cytosol at rest. Activated or phosphorylated (p-) PI3K generates PIP3 on the cell membrane. PIP3 interacts with the pleckstrin homology domain of AKT and phosphorylates the Thr308 and Ser473 sites via 3-phosphatidylinositol-dependent protein kinase 1. p-AKT translocates into the cytoplasm or nucleus, and regulates cell survival and apoptosis by regulating protein synthesis and gene transcription ([@b18-or-43-02-0503]). mTOR is a target for rapamycin downstream of AKT in mammalian cells. p-AKT activates downstream mTOR signaling by direct phosphorylation of the Ser2448 of mTOR or by inhibition of nodular sclerosis complex (TSC)2 to form a complex with TSC1. After mTOR is activated, it phosphorylates elF4E-binding protein 1 and p70 ribosomal protein S6 kinase downstream, and initiates the synthesis of various proteins, including cyclin 1, hypoxia-inducible factor-1, and vascular endothelial growth factor (VEGF). Therefore, the PI3K/AKT/mTOR signaling pathway is closely associated with cell proliferation, differentiation, apoptosis and migration ([@b19-or-43-02-0503],[@b20-or-43-02-0503]). A growing body of evidence suggests that abnormal activation of the PI3K/AKT/mTOR signaling pathway is important in the over-proliferation and apoptosis of tumor cells, and contributes to the treatment resistance of various cancers, including leukemia ([@b20-or-43-02-0503],[@b21-or-43-02-0503]). Tumor treatment strategies for key molecular targets of this signaling pathway are urgently required.

The aim of the present study was to investigate the effects of Tan IIA combined with IM on the proliferation, apoptosis, migration and invasion of human acute T lymphocytic leukemia cells TIB-152. A tumor xenograft growth assay was also used to study the therapeutic effect of TAN IIA in combination with IM *in vivo*. In addition, we examined the changes in the PI3K/AKT/mTOR signaling pathway in cells and tissues after Tan IIA plus IM treatment and suggested a potential mechanism of action. The presented results may provide a basis for the development of novel therapeutic options for acute T-lymphocytic leukemia in the future.

Materials and methods
=====================

### Cell lines

TIB-152, a human acute leukemia T cell line was obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences. TBI-512 c was maintained in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin (all from Gibco; Thermo Fisher Scientific, Inc.) and cultured in a humidified incubator at 37°C with 5% CO~2~.

A total of 20 female athymic BALB/c nude mice (age, 6--7 weeks) were obtained from Beijing Institute of Life Sciences of the Chinese Academy of Sciences and were bred in specific pathogen-free environment in the experimental animal center of the 215 Hospital of Shanxi Nuclear Industry. All animal procedures were approved by the Institutional Animal Care and Use Committee of the 215 Hospital of Shanxi Nuclear Industry and conformed to the guidelines of the US National Institutes of Health.

### Drugs

IM was purchased from Cayman Chemical Company, formulated into a 1 µM stock solution with DMSO (Sigma- Aldrich; Merck KGaA) and stored at −20°C in the dark. Tan IIA (purity, ≥99.5%) was purchased from the Chinese National Institute for the Control of Pharmaceutical and Biological Products, prepared into a 20 mM stock solution with methanol (Sigma-Aldrich; Merck KGaA) and stored at −20°C in the dark.

### Cytotoxicity assay

Cell viability was evaluated by CCK-8 assay (Beyotime Institute of Biotechnology) in triplicate. Cells (2×10^5^) were cultured in 96-well plates and the medium was removed after 24 h. Cells were treated with Tan IIA at 0, 0.625, 1.25, 2.5, 5, 10, 20, 40, 60, 80, 100 and 120 µM or with IM at 0, 0.078, 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10, 15, 20 and 25 µM for 48 h. At the end of the cultivation, 10 µl of CCK-8 solution was added to the wells and samples were incubated for 4 h at 37°C. The optical density (OD) was measured at 490 nm. The IC~50~ was determined from survival curves.

### Cell proliferation assay

Cells in the logarithmic growth phase were tested and divided into 4 groups as follows: i) Conventional culture group (TIB-152), ii) 20 µM Tan IIA monotherapy group \[Tan IIA (20 µM)\], iii) 5 µM IM monotherapy group \[IM (5 µM)\], and iv) 20 µM Tan IIA combined with 5 µM IM group (IM + Tan). Cell proliferation was analyzed using the CCK-8 assay. Cells were cultured in 96-well plates at 5×10^3^ cells/well in 100 µl growth medium. Following incubation overnight, Tan IIA (20 µM), IM (5 µM) and IM + Tan groups were established. The TIB-152 group was treated with 0.1% DMSO. For rescue experiments, TBI-512 cells were pre-treated with the PI3K pathway-specific activator IGF-1 (10 nM) 24 h before exposure to Tan IIA or/and IM. At 24, 48, 72 and 96 h of treatment, the culture medium was removed and replaced with 100 µl RPMI-1640 containing 10 µl CCK-8 solution. After incubation at 37°C for 1 h, the OD was measured at 490 nm. This assay was conducted in triplicate and six wells were used per condition per time.

### Western blot analysis

Proteins were extracted from cells or tissues using ice-cold lysis buffer consisting of 1% Triton X-100, 1% deoxycholate and 0.1% SDS. The protein content of the cell or tissue lysates was determined using BCA protein quantification kit. Proteins (50 µg) were resolved on 12% SDS-PAGE gels and transferred to a nitrocellulose membrane. The membrane was blocked in PBS with 5% skimmed milk for 1 h at room temperature and then incubated overnight at 4°C with the primary antibodies against Ki67 (1:1,000; monoclonal; ZRB1007; Sigma-Aldrich; Merck KGaA), VEGF (1:500; monoclonal; SAB1402390; Sigma-Aldrich; Merck KGaA), MMP-9 (1:500; polyclonal; SAB4501896; Sigma-Aldrich; Merck KGaA), cleaved caspase-3 (1:1,000; polyclonal; sc-22140; Santa Cruz Biotechnology, Inc.), PI3K (1:500; monoclonal; SAB5300225; Sigma-Aldrich; Merck KGaA), p-PI3K (p85; 1:500; polyclonal; SAB4502195; Sigma-Aldrich; Merck KGaA), AKT (1:1,000; polyclonal; SAB4500796; Sigma-Aldrich; Merck KGaA), p-AKT (Ser473; 1:500; monoclonal; sc293125; Santa Cruz Biotechnology, Inc.), mTOR (1:1,000; polyclonal; sc517464; Santa Cruz Biotechnology, Inc.), p-mTOR (Ser2448; 1:1,000; monoclonal; sc293133; Santa Cruz Biotechnology, Inc.) or GAPDH (1:5,000; polyclonal; sc-20375; Santa Cruz Biotechnology, Inc.). The membranes were incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody (1:5,000; polyclonal; sc-2922; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. Protein bands were visualized using an enhanced chemiluminescence kit (GE Healthcare). Images were analyzed using Quantity One version 4.4 (Bio-Rad Laboratories, Inc.).

### Cell apoptosis assay

Cell apoptosis was detected by an Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit (Nanjing KeyGen Biotech Co., Ltd.) according to the manufacturer\'s instructions. In brief, TIB-152 cells were seeded in 6-well plates (2×10^5^ cells/well) with RPMI-1640 supplemented with 10% FBS. Tan IIA (20 µM), IM (5 µM) or IM (5 µM) + Tan (20 µM) was added and the cells were cultured for 24 h. The TIB-152 group was treated with 0.1% DMSO. For rescue experiments, TBI-512 cells were pre-treated with IGF-1 (10 nM) 24 h before exposure to Tan IIA or/and IM. After 24 h of incubation, the cells were collected, centrifuged at 1,000 × g for 5 min and then resuspended in 500 µl binding buffer (provided with kit), followed by the addition of Annexin V-FITC (5 µl) and PI (5 µl). The samples were then incubated in the dark at room temperature for 15 min. Cell apoptosis assay was performed within 1 h on a flow cytometer (FACSCalibur system) equipped with Cell Quest software (version 5.1; BD Biosciences). The total percentage of apoptotic cells was defined as the sum of early and late apoptotic cells ([@b22-or-43-02-0503]).

### Transwell assays

The invasion capacity was determined using Transwell chambers (8-µm pore size). TBI-512 cells (1×10^5^) were cultured in 96-well plates with serum-free RPMI-1640 for 24 h, resuspended in fresh serum-free RPMI-1640 and placed in the upper chamber of the Matrigel-coated Transwell insert (5×10^4^), with 0.1% DMSO, 20 µM Tan IIA, 5 µM IM or 5 µM IM plus 20 µM Tan. For rescue experiments, cells were pre-treated with IGF-1 (10 nM) 24 h before exposure to Tan IIA or/and IM. The lower chambers were filled with 500 µl RPMI-1640 containing 10% FBS. After 12 h, the surface of the membrane was scrubbed gently with a cotton swab and cells that invaded to the lower surface were fixed with 4% paraformaldehyde for 30 min at room temperature. Fixed cells were washed with PBS and stained with 0.1% crystal violet solution for 20 min at 37°C. Cells were then photographed and counted under a light microscope (magnification, ×200) and the mean number of invading cells was determined by counting five random fields of each well.

### Wound healing assay

Migration capacities were determined using wound healing assays. TIB-152 cells were maintained in RPMI-1640 with 10% FBS. The treatment groups were established as described and cells were cultured for 48 h. For rescue experiments, TBI-512 cells were pre-treated with IGF-1 (10 nM) 24 h before exposure to Tan IIA or/and IM. Subsequently, cells (1×10^6^) were seeded in 24-well plates and cultured in serum-free medium for 24 h. A wound was inflicted in the confluent cell layer using a 200-µl pipette tip and the wells were gently washed with PBS to remove all floating cells. Pictures of the wounds were captured at 0 and 24 h. Gap width was measured using Image-Pro Plus 6.0 (Media Cybernetics, Inc.).

### Tumor xenograft growth assay in vivo

Female athymic BALB/c nude mice (age, 6--7 weeks; weight, 18--22 g) were housed under standard conditions (room temperature, 22°C; 12-h light/dark cycle) and controlled humidity (relative, 50%) with free access to food and water. TBI-152 cells (4×10^6^) were injected into the right flank of the mice. Mice were randomized into four groups (n=5/group). Treatment commenced on the second day after inoculation. Mice in the three drug treatment groups were injected intraperitoneally with Tan IIA (50 mg/kg), IM (50 mg/kg) or IM + Tan, three times per week for 3 weeks ([@b23-or-43-02-0503]). In the control group, the mice were injected intraperitoneally with saline. The mice were weighed weekly. Tumor volume was measured every 3 days using fine digital calipers and the volume of the tumor was calculated according to the following formula: Volume=length × width^2^ ×0.52. After completion of the drug treatment, the mice were sacrificed and tumors were photographed and stored at −80°C for further for analysis. All animal procedures were approved by the Institutional Animal Care and Use Committee of the 215 Hospital of Shanxi Nuclear Industry and followed the guidelines of the US National Institutes of Health.

### TUNEL staining

Tumor tissues were fixed overnight at 4°C in 4% paraformaldehyde, embedded in paraffin and cut into 4-µm sections. TUNEL staining (Roche Diagnostics) was performed according to the manufacturer\'s instructions. Paraffin-embedded tissue sections were dewaxed in xylene for 5--10 min, followed by replacing with fresh xylene and dewaxing for a further 5--10 min. Subsequently, the sections were washed with absolute ethanol for 5 min, 90% ethanol for 2 min, 70% ethanol for 2 min, and distilled water for 2 min. All procedures were performed at 37°C. Subsequently, 20 µg/ml of DNase-free proteinase K was added dropwise to the sections and allowed to act at 37°C for 30 min. The coverslips were then placed in 4% paraformaldehyde for 30 min and immersed in 0.2% Triton X-100 for 15 min at room temperature. TdT reaction mix (100 µl) was added to the coverslips for 1 h at 37°C and coverslips were immersed in 2X SSC for 15 min at 37°C, 0.3% H~2~O~2~ for 30 min at 37°C and 100 µl streptavidin-HRP for 30 min at 37°C. Then, 100 µl DAB was added to the coverslips until a light brown background developed for 30 min at 37°C. The nuclei of apoptotic cells were stained dark brown. Images were analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Inc.). Sections were then photographed and counted under a light microscope (magnification, ×200), and the number of TUNEL-positive cells in 10 microscopic fields were counted. Apoptosis rate (%)=(apoptotic cells/total cells).

### Immunohistochemical analysis

Paraffin-embedded 4-µm tumor tissue sections were used for immunohistochemical staining. The sections were dewaxed, placed in 3% H~2~O~2~ for 15 min at room temperature and washed 3 times with PBS. Then, the sections were incubated in 0.1 mol/l citrate buffer (pH 6.0) for 10 min at 100°C. The samples were probed with a primary antibody against Ki67 (1:100; SAB5300423; Sigma-Aldrich; Merck KGaA), cleaved caspase-3 (1:500; MAB4703, Sigma-Aldrich; Merck KGaA), VEGF (1:100; SAB1402390; Sigma-Aldrich; Merck KGaA) and MMP-9 (1:100; SAB5200294; Sigma-Aldrich; Merck KGaA) overnight at 4°C and then incubated with HRP-conjugated IgG (I-10677; 1:500; Invitrogen; Thermo Fisher Scientific, Inc.) at room temperature for 1 h. Positive cells were observed using a light microscope (magnification, ×200) and evaluation was performed using Photoshop CS6 (Adobe Systems, Inc.) and Image-Pro Plus 6.0 software (Media Cybernetics, Inc.).

### Statistical analysis

Data were analyzed using SPSS 20.0 (IBM Corp.) and are expressed as the mean ± standard deviation representative of ≥3 independent experiments. Statistical differences between two groups were analyzed by unpaired Student\'s t-test and multiple comparisons were analyzed by two-way ANOVA followed by Tukey\'s test. P\<0.05 was considered to indicate statistically significant differences.

Results
=======

### Cytotoxicity of Tan IIA and IM on TIB-152 cells

The structures of IM and Tan IIA are presented in [Fig. 1A and B](#f1-or-43-02-0503){ref-type="fig"}, respectively. To analyze the cytotoxic effects of Tan IIA and IM on TIB-152 cells, the cells we treated with varying concentrations of Tan IIA and IM, and cell viability was analyzed using CCK-8 assays 48 h later. CCK-8 assays demonstrated that IM at ≥0.625 µM ([Fig. 1C](#f1-or-43-02-0503){ref-type="fig"}) and Tan IIA at ≥10 µM ([Fig. 1D](#f1-or-43-02-0503){ref-type="fig"}) significantly suppressed cell viability. Tan IIA was determined to have an IC~50~ of 19.456±1.24 µM and the IC~50~ of IM was 4.922±0.36 µM. For subsequent experiments, 5 µM IM and 20 µM Tan IIA were considered as optimum concentrations.

### Tan IIA enhances the effect of IM on the proliferation and apoptosis of TIB-152 cells

To analyze the effect of Tan IIA in combination with IM on the proliferation of TIB-152 cells, CCK-8 assays were performed ([Fig. 2A](#f2-or-43-02-0503){ref-type="fig"}). Cells treated with Tan IIA (20 µM) and IM (5 µM), alone or in combination, exhibited significant inhibition of cell proliferation in a dose-dependent manner compared with the TIB-152 group. From the growth curve, it was observed that the growth rate in the IM + Tan group was significantly lower compared with that in the IM (5 µM) and Tan IIA (20 µM) groups ([Fig. 2A](#f2-or-43-02-0503){ref-type="fig"}). To elucidate whether the decreased proliferation was due to the upregulation of cell apoptosis, an Annexin V/PI flow cytometry assay was performed and IM + Tan co-treatment was found to significantly increase the apoptosis rate compared with the IM (5 µM) and the TIB-152 groups at 48 h ([Fig. 2B and C](#f2-or-43-02-0503){ref-type="fig"}). The results demonstrated that, in TIB-152 cells, Tan IIA acted as a chemosensitizer for IM.

Ki67 is closely associated with and can be used as a reliable marker for cell proliferation ([@b24-or-43-02-0503]). Caspase-3 is an important terminal cleavage enzyme in the process of apoptosis ([@b25-or-43-02-0503]). To gain further insight into the molecular mechanism of how Tan IIA affects proliferation and apoptosis in conjunction with IM, associated protein expression was detected by western blotting. The results revealed that IM and Tan IIA treatment significantly decreased the levels of proliferation-associated and increased the levels of apoptosis-associated proteins compared with the TIB-152 group ([Fig. 2H and I](#f2-or-43-02-0503){ref-type="fig"}). Ki67 levels were further significantly decreased and cleaved caspase-3 levels were significantly increased in the IM + Tan group compared with those in the IM (5 µM) group.

### Tan IIA enhances the inhibitory effect of IM on invasion and migration of TIB-152 cells

We investigated whether Tan IIA combined with IM affected the migration and invasion of TIB-152 cells *in vitro*. Transwell assays were performed to measure the invasive capability and wound healing assay to measure the migratory capability. As shown in [Fig. 2D-G](#f2-or-43-02-0503){ref-type="fig"}, IM + Tan significantly reduced the number of invading cells and the wound closure rate compared with the IM (5 µM) and TIB-152 groups.

Extracellular matrix degradation induced by MMPs is required for cell invasion and VEGF plays a key role in mediating cell migration ([@b26-or-43-02-0503],[@b27-or-43-02-0503]). Therefore, western blotting was used to analyze the effects of Tan IIA and IM on the expression of VEGF and MMP-9. The results demonstrated that treatment with Tan IIA and IM, alone or in combination, significantly decreased the levels of VEGF and MMP-9 compared with the TIB-152 group, and IM + Tan significantly decreased protein levels compared with the IM (5 µM) group ([Fig. 2H and J](#f2-or-43-02-0503){ref-type="fig"}). These indicate that Tan IIA enhanced the inhibition of cell migration and invasion exerted by IM.

### Tan IIA enhances the inhibitory effect of IM on the PI3K/AKT/mTOR signaling pathway in TIB-152 cells

To further evaluate the effects of IM + Tan, the expression of proteins associated with the PI3K/AKT/mTOR signaling pathway was analyzed by western blotting. We found that treatment with Tan IIA or IM significantly decreased the phosphorylation of PI3K, AKT and mTOR compared with the control ([Fig. 3](#f3-or-43-02-0503){ref-type="fig"}), while the total protein levels of PI3K, AKT and mTOR were not significantly affected. These results confirmed that Tan IIA and IM inhibited the activation of the PI3K/AKT/mTOR signaling pathway. Additionally, IM + Tan further significantly decreased the phosphorylated protein levels compared with the IM (% µM) group, suggesting that Tan IIA enhanced the inhibitory effect of IM on the PI3K/AKT/mTOR signaling pathway.

### Tan IIA reverses the effect of PI3K pathway activator IGF-1 on the biological characteristics of TIB-152 cells

It was further investigated whether Tan IIA regulated the proliferation, apoptosis, migration and invasion of TIB-152 cells by inhibiting the activation of the PI3K/AKT/mTOR signaling pathway to enhance the anticancer effect of IM. Rescue experiments were performed by treating cells with the PI3K pathway activator IGF-1 prior to treatment with Tan IIA or/and IM. As shown in [Fig. 4A and B](#f4-or-43-02-0503){ref-type="fig"}, the levels of p-PI3K, p-AKT and p-mTOR in the IGF-1 (10 mM) group were significantly higher compared with those in the TIB-152 group, confirming that IGF-1 activated the PI3K/AKT/mTOR signaling pathway. IM treatment significantly inhibited the activation of PI3K/AKT/mTOR by IGF-1 and IM + Tan significantly enhanced the effect of IM, resulting in protein levels comparable to those of the TIB-152 group.

Further analysis of the biological characteristics of TIB-152 cells revealed that proliferation, migration and invasion in the Tan + IM + IGF-1 and IM + IGF-1 groups were significantly reduced compared with the IGF-1 group, and the apoptosis rate was significantly increased ([Fig. 4](#f4-or-43-02-0503){ref-type="fig"}). Furthermore, the results from the Tan + IM + IGF-1 group on cell biological performance were significantly better compared with the IM + IGF-1 group. Therefore, Tan IIA appears to enhance the effect of IM on the biological characteristics of TIB-152 cells by inhibiting PI3K/AKT/mTOR signaling pathway activation.

### Tan IIA enhances the inhibitory effect of IM on TIB-152 tumor growth in xenograft mice

Next, tumor growth assays were used to study the antitumor activity of Tan IIA in combination with IM *in vivo* and to further elucidate its mechanism of action. Compared with the control group, the growth rate of transplanted tumors in the three treatment groups was slower and the tumor volume in the Tan + IM group increased the slowest ([Fig. 5A and B](#f5-or-43-02-0503){ref-type="fig"}). At day 21 after treatment, IM or Tan IIA treatment significantly decreased tumor growth compared with the control and Ta + IM further significantly decreased the observed tumor volume compared with the IM (50 mg/kg) group. The results indicated that Tan IIA enhanced the antitumor effect of IM on TIB-152 ×enograft mice.

To further explore the mechanism by which Tan IIA inhibited tumor growth *in vivo*, the expression of representative proteins was analyzed by TUNEL, immunohistochemistry and western blotting ([Fig. 5C-L](#f5-or-43-02-0503){ref-type="fig"}). It was observed that the protein levels of p-PI3K, p-AKT, p-mTOR, Ki67, VEGF and MMP-9 were significantly lower in the Tan IIA, IM and Tan + IM groups compared with the control, while cleaved caspase-3 levels were significantly elevated. These results were consistent with the results from the *in vitro* experiments.

Discussion
==========

Tumor development and progression are the result of a combination of cell hyperproliferation and apoptotic pathways. Apoptosis and its role in tumorigenesis and treatment are attracting increasing attention, and drug therapy based on the mechanism of tumor cell apoptosis has made progress ([@b28-or-43-02-0503]). Metastasis is the leading cause of death among cancer patients, and cell migration and invasion are hallmarks of cancer metastasis ([@b29-or-43-02-0503]). In the present study, experiments were performed to investigate the effects of Tan II in combination with IM on these processes *in vivo* and *in vitro*, and it was observed that IM + Tan inhibited cell proliferation, migration and invasion, promoted apoptosis and inhibited tumor growth of a TIB-152 ×enograft *in vivo* compared with the control. The results suggested that Tan IIA synergistically enhanced the antitumor effect of IM. The effects of Tan IIA may be mediated through inhibition of PI3K/AKT/mTOR signaling pathway activation *in vivo* and *in vitro*.

Tan IIA is a diterpenequinone extracted from the root of *Salvia miltiorrhiza* ([@b30-or-43-02-0503]). Due to its cardioprotective and antiatherosclerotic properties, Tan IIA has become a research hotspot in the field of cardiovascular and neurological diseases ([@b31-or-43-02-0503]). It was previously demonstrated that Tan IIA has good antitumor properties *in vivo* and *in vitro*. It can inhibit the growth of various tumor cell lines, including gastric cancer, non-small-cell lung cancer, leukemia and prostate cancer ([@b31-or-43-02-0503],[@b32-or-43-02-0503]). Shan *et al* ([@b12-or-43-02-0503]) used MTT assays to investigate the effects of Tan IIA on the proliferation of human leukemia K562 cells. They observed that Tan IIA inhibited excessive cell proliferation and that the inhibitory effect was dose-dependent. Furthermore, they demonstrated that Tan IIA inhibited the proliferation of K562 cells by inhibiting the AKT/mTOR signaling pathway. Other studies reported that the combination of Tan IIA with a variety of commonly used chemotherapy drugs, such as cisplatin and 5-fluorouracil, can enhance the therapeutic effects of these drugs ([@b33-or-43-02-0503],[@b34-or-43-02-0503]). Lv *et al* ([@b35-or-43-02-0503]) reported that Tan IIA may act synergistically with 17-demethoxygeldanamycin to inhibit tumor growth by inducing cell cycle arrest and autophagy. As a TKI, IM is widely used in the treatment of leukemia, but comes with disadvantages that include toxic side effects and drug resistance ([@b36-or-43-02-0503]). Combination therapy is commonly used in the clinical setting ([@b37-or-43-02-0503]). Therefore, the present study used the acute T lymphocytic leukemia cell line TIB-152 to assess the effect of Tan IIA in combination with IM on cells at doses associated with fewer toxic side effects. We observed that Tan IIA and IM significantly inhibited the proliferation of TIB-152 cells and this effect was the strongest when the treatments were combined, suggesting a synergistic interaction. Caspase-3 is an important terminal cleavage enzyme in the process of apoptosis ([@b25-or-43-02-0503]) and upregulation of caspase-3 activity promotes apoptosis and exerts antitumor effects ([@b38-or-43-02-0503]). Tan IIA induces increased caspase-3 activity in the leukemia cell line THP-1, promoted apoptosis, and exerted a growth inhibitory effect on THP-1 cells, suggesting that it may be of value as a potential anti-leukemic agent ([@b39-or-43-02-0503]). Consistently with these findings, the results of the present study demonstrated that Tan IIA in combination with IM significantly promoted the expression of caspase-3, indicating that Tan IIA may promote the activation of apoptotic protein kinases to inhibit the proliferation of tumor cells.

Zhang *et al* ([@b40-or-43-02-0503]) found that Tan IIA plays an antitumor role by promoting apoptosis and inhibiting cell metastasis. MMP-induced degradation of the extracellular matrix is a hallmark of cell migration and invasion and it has been demonstrated that the metastatic ability of cancer cells can be regulated by MMPs ([@b41-or-43-02-0503]). VEGF is a major regulator of tumor angiogenesis and invasion, and can enhance growth, invasion and metastasis of tumor cells by promoting the expression of MMP-9 in vascular endothelial cells ([@b42-or-43-02-0503]). Increased expression of VEGF and MMP-9 in advanced leukemia, such as chronic myeloid leukemia, is closely associated with disease progression ([@b43-or-43-02-0503]). In the present study, Tan IIA in combination with IM significantly reduced MMP-9 and VEGF protein expression, which may be associated with the inhibition of cell migration and invasion induced by Tan IIA.

Cell biological functions, such as cell proliferation, apoptosis and metastasis, are regulated by various signal transduction pathways in the cell. PI3K/AKT/mTOR is one of the most important signal transduction pathways and its abnormal activation is closely associated with the occurrence and development of malignant tumors ([@b44-or-43-02-0503]). This pathway is recognized as a key point in tumor regulation and is an important target for anticancer drug selection ([@b19-or-43-02-0503],[@b44-or-43-02-0503]). The PI3K/AKT/mTOR signaling pathway is abnormally activated in various tumors, such as leukemia, lymphoma and breast cancer ([@b44-or-43-02-0503]). In leukemia, multiple targets in the PI3K/AKT/mTOR signaling pathway are abnormally activated and these constitute important targets for the development of therapeutic drugs ([@b45-or-43-02-0503],[@b46-or-43-02-0503]). In the present study, it was observed that Tan IIA and IM reduced the phosphorylation of PI3K, AKT and mTOR in TBI-152 cells, and Tan IIA enhanced the inhibitory effect of IM on the PI3K/AKT/mTOR signaling pathway. Activation of the PI3K/AKT/mTOR signaling pathway directly regulates specific gene expression by affecting downstream protein kinases, such as apoptosis-associated cellular molecules, including caspase-3, caspase-9, Bcl-2 and Bax, cell cycle-associated factors, including cyclin D1 and E, and by participating in the regulation of cell proliferation and apoptosis ([@b47-or-43-02-0503],[@b48-or-43-02-0503]). In addition, activation of the PI3K/AKT signaling pathway promotes VEGF synthesis ([@b49-or-43-02-0503]) and VEGF binds to its receptor to feedback activation of PI3K. Activation of PI3K/AKT and VEGF further promote MMP expression and mediate tumor cell infiltration and metastasis ([@b50-or-43-02-0503]). Tan IIA inhibits the PI3K/AKT signaling pathway, induces cytochrome *c* release, activates caspase-9 and −3, and induces apoptosis through the mitochondrial signaling pathway in gastric carcinoma cells and glioma cells ([@b29-or-43-02-0503],[@b51-or-43-02-0503]). Tan IIA inhibits MMP-9 activity by inhibiting the AKT signaling pathway, thereby inhibiting human aortic smooth muscle cell migration and invasion ([@b52-or-43-02-0503]). In order to confirm that the enhancement of the IM antitumor effect by Tan IIA in TIB-152 cells was mediated through the inhibition of the PI3K/AKT/mTOR signaling pathway, rescue experiments were performed. The results demonstrated that the proliferation, migration and invasion of TIB-152 cells were significantly increased after treatment with the PI3K-specific activator IGF-1 and the apoptosis rate was significantly reduced. IM + Tan treatment reversed these effects, confirming that the abnormal activation of PI3K/AKT/mTOR signaling may be associated with the progression of ALL.

Munagala *et al* ([@b53-or-43-02-0503]) observed that intraperitoneal injection of Tan IIA inhibited the growth of cervical cancer xenograft in nude mice. Zhou *et al* ([@b54-or-43-02-0503]) reported that the antitumor mechanism of Tan IIA inhibited the growth of human colon cancer subcutaneous xenograft in nude mice by downregulating the expression of VEGF. These studies previously confirmed the antitumor effect of Tan IIA *in vivo*. We also found that Tan IIA significantly inhibited the growth of TIB-152 ×enograft tumors, and significantly reduced the phosphorylation of PI3K, AKT and mTOR, and the expression of apoptosis-associated proteins *in vivo*. These results were consistent with the results of the *in vitro* experiments. The findings suggested that Tan IIA may be a PI3K/AKT/mTOR inhibitor and act synergistically with IM to exert antitumor effects. Moreover, the activation of the Lyn/PI3K/AKT signaling pathway exerts a protective effect on leukemia cells undergoing aggressive oxidative stress, indicating that, when the PI3K/AKT signaling pathway is inhibited, TIB-152 cells are more vulnerable to Tan IIA + IM treatment ([@b55-or-43-02-0503]).

However, the pharmacological studies of Tan IIA remain at preclinical research stage and there is a limited number of clinical trials investigating complex disease pathogenesis. In addition, the process of tumor progression is extremely complex, involving multiple signaling cascades and cross talks of the PI3K/AKT/mTOR signaling pathway with other signaling pathways ([@b56-or-43-02-0503]--[@b58-or-43-02-0503]). Therefore, the efficacy of Tan IIA in inhibiting ALL requires further investigation. In a follow-up study, it may be interesting to explore the intervention of Tan IIA on ALL cells in order to elucidate its antitumor mechanism of action.

In conclusion, it was demonstrated that the combination of Tan IIA and IM synergistically increased the apoptosis of TIB-152 cells and inhibited cell proliferation, migration and invasion. The potential mechanism may be through inhibiting the PI3K/AKT/mTOR signaling pathway *in vivo* and *in vitro*. These findings may provide a new basis for the clinical application of Tan IIA and IM in the treatment of ALL.
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![Cytotoxic effect of Tan IIA and IM on TIB-152 cells. Structures of (A) imatinib and (B) Tan IIA. Effects of different concentrations of (C) IM and (D) Tan IIA on the viability of TIB-152 cells as detected by CCK-8 assay after a 48-h incubation. \*\*P\<0.01 vs. 0 µM. IM, imatinib; Tan IIA, tanshinone IIA.](OR-43-02-0503-g00){#f1-or-43-02-0503}

###### 

Tan IIA enhances the effect of imatinib on the proliferation, apoptosis, invasion and migration of TIB-152 cells. Cells were treated with IM (5 µM) and/or Tan IIA (20 µM) for 48 h. (A) Cell proliferation was detected by CCK-8 assay. (B) Cell apoptosis was detected by flow cytometry and (C) comparison of apoptotic rates. (D) Cell invasion was detected by Transwell assay (scale bar, 50 µm) and (E) quantitative analysis of invasion. \*\*P\<0.01 vs. TIB-152; ^\#\#^P\<0.01 vs. IM (5 µM); ^&&^P\<0.01 vs. Tan (20 µM). IM, imatinib; Tan IIA, tanshinone IIA. Tan IIA enhances the effect of imatinib on the proliferation, apoptosis, invasion and migration of TIB-152 cells. Cells were treated with IM (5 µM) and/or Tan IIA (20 µM) for 48 h. (F) Cell migration examined by wound healing assay (scale bar, 50 µm) and (G) quantitative analysis of migration. (H) Western blot images and quantification of (I) Ki67 and cleaved caspase-3 and (J) VEGF and MMP-9 protein levels. \*\*P\<0.01 vs. TIB-152; ^\#\#^P\<0.01 vs. IM (5 µM); ^&&^P\<0.01 vs. Tan (20 µM). IM, imatinib; Tan IIA, tanshinone IIA.
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![Tan IIA enhances the inhibitory effect of IM on the PI3K/AKT/mTOR signaling pathway in TIB-152 cells. The cells were treated with IM (5 µM) and/or Tan IIA (20 µM) for 48 h. (A) Western blot images and (B) quantification of p-PI3K, PI3K, p-AKT, AKT, p-mTOR and mTOR protein levels. \*\*P\<0.01 vs. TIB-152; ^\#\#^P\<0.01 vs. IM (5 µM); ^&&^P\<0.01 vs. Tan (20 µM). IM, imatinib; Tan IIA, tanshinone IIA; p-, phosphorylated.](OR-43-02-0503-g03){#f3-or-43-02-0503}

###### 

Tan IIA reverses the effect of the PI3K pathway activator IGF-1 on TIB-152 cells. Following pretreatment with IGF-1 for 24 h, the cells were treated with IM (5 µM), or IM (5 µM) plus Tan IIA (20 µM), for 48 h. (A) Western blot images and (B) quantification of p-PI3K, PI3K, p-AKT, AKT, p-mTOR, mTOR, Ki67, cleaved caspase-3, VEGF and MMP-9 protein levels. (C) Cell proliferation was detected by CCK-8 assay. (D) Comparison of apoptotic rates determined by flow cytometry. (E) Quantitative analysis of cell invasion based on Transwell assays. (F) Quantitative analysis of cell migration based on wound healing assays. \*\*P\<0.01 vs. TIB-152; ^\#\#^P\<0.01 vs. IGF-1 (10 µM); and ^\$\$^P\<0.01 vs. IM + IGF-1. IM, imatinib; Tan IIA, tanshinone IIA; IGF-1, insulin-like growth factor-1; p-, phosphorylated.
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###### 

Tan IIA enhances the inhibitory effect of IM on tumor growth in TIB-152 ×enograft mice. Mice (n=5/group) were injected with TIB-152 cells. Subsequently, IM and/or Tan IIA were administered to the animals for 3 weeks. (A) Isolated tumors were obtained after drug treatment was completed. (B) Tumor growth curve was recorded over 21 days after treatment. (C) TUNEL images of tumor samples (scale bar, 50 µm) and (D) quantitative analysis of apoptosis rates. Immunohistochemistry images following staining with (E) Ki67 and (F) cleaved caspase-3 (scale bar, 50 µm), and (G) quantification of the results. \*\*P\<0.01 vs. TIB-152; ^\#\#^P\<0.01 vs. IM (5 µM); ^&&^P\<0.01 vs. Tan (20 µM). IM, imatinib; Tan IIA, tanshinone IIA; p-, phosphorylated. Tan IIA enhances the inhibitory effect of IM on tumor growth in TIB-152 ×enograft mice. Mice (n=5/group) were injected with TIB-152 cells. Subsequently, IM and/or Tan IIA were administered to the animals for 3 weeks. Immunohistochemistry images following staining with (H) VEGF and (I) MMP-9 (scale bar, 50 µm), and (J) quantification of the results. (K) Western blot images and (L) quantification of p-PI3K, PI3K, p-AKT, AKT, p-mTOR and mTOR protein levels. \*\*P\<0.01 vs. TIB-152; ^\#\#^P\<0.01 vs. IM (5 µM); ^&&^P\<0.01 vs. Tan (20 µM). IM, imatinib; Tan IIA, tanshinone IIA; p-, phosphorylated.
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